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 Chapter 1. Introduction 
 
 In the oceanic lithosphere, a large amount of mass transfer occurs as observed as 
reaction zoning around the crust–mantle boundary and within mesh texture in the 
serpentinized peridotite. The amounts and distribution of serpentinized peridotite in the 
oceanic lithosphere are critical to constraining the water budget in the Earth’s interior: 
however, the detailed relationship between mass transport and surface reactions during 
serpentinization have been unclear. In present study, hydrothermal experiments by using 
unique tube-in-tube type vessel and numerical simulations were conducted to understand 
the reactive-transport process during serpentinization.  
 This thesis consists of six chapters. Chapter 1 is introduction. Two experiments 
were conducted to observe the mineralogical changes at the crust-mantle boundary induced 
by metasomatic events; Experiments on Ol–Qtz–H2O system and Ol–Pl–H2O system. 
Chapter 2 is experiments in Ol–Qtz–H2O system as a simple analog of the crust-mantle 
boundary and discuss the effect of silica transport and the reaction progress during 
serpentinization. The experiments were performed by using the unique tube-in-tube type 
hydrothermal experiments vessel, which could observe spatial-temporal evolution for 
metasomatic reaction zoning. For these experiments, the variation of their product mineral 
and the extent of hydration in time and space were observed by thermogravimetry, X-ray 
powder diffraction, Raman spectroscopy, scanning electron microscopy, and election 
microprobe analyses as a function of distance from the Qtz regions. The solution chemistry 
at far from the boundary were analyzed by Inductively coupled plasma atomic emission 
spectroscopy. Chapter 3 is experiments in Ol–Pl–H2O system as an analog of the gabbro-
peridotite boundaries. Same experimental apparatus was used, and effect of Si-Ca-Al 
transport on serpentinization was discussed. In Chapter 4, the rate of Si-metasomatic 
reaction was obtained by model fitting to data points which were obtained by experiments 
in Ol–Qtz–H2O system. The reactive-transport model, which considers the porosity changes 
during reactions, were used for the numerical simulation. Chapter 5 is implication to the 
reactive-transport processes during serpentinization in the oceanic lithosphere. Chapter 6 is 
conclusion. 
  
 Chapter 2. Effect of silica transport on the reaction progress and water 
budget during serpentinization 
 
In the chapter 2. hydrothermal experiments in the olivine (Ol)–quartz (Qtz)–H2O system 
were conducted to understand the coupled mechanisms of serpentinization and silica 
metasomatism during the development of metasomatic zonings between crust and mantle 
rocks. To create a silica metasomatic zoning, we used quartz as the source of silica, because 
the SiO2 is the main constituent of the crusts. Using a tube-in-tube vessel, millimeter-scale 
variations in the chemical composition of reaction products were evaluated as a function of 
distance from the Ol–Qtz boundary. Based on the progress of individual reactions deduced 
from mass balance calculations, we found that both hydration and dehydration reactions 
occur simultaneously with the progress of silica metasomatism. The implications of these 
results for hydrothermal alteration at the crust–mantle boundary are discussed. 
 In chapter2, we conducted hydrothermal experiments in the olivine–quartz–H2O 
system at 250 °C and under a vapor-saturated pressure. The mineralogy of the reaction 
products in the Ol-hosted region changed with increasing distance from the Ol–Qtz 
boundary, from smectite + serpentine to serpentine + brucite + magnetite. Mass balance 
calculations revealed that olivine hydration occurred without any supply of silica in the 
brucite zone. In contrast, the silica metasomatic zone was formed via competitive hydration 
and dehydration reactions. In the Smc zone, smectite formed via the simultaneous progress 
of olivine hydration and serpentine dehydration, 
and around the boundary of the Smc and Brc 
zones, serpentine formation occurred by olivine 
hydration and brucite dehydration. The relative 
extent of hydration and dehydration reactions 
controlled the along-tube variation in the rate of 
H2O production/consumption and the rate of 
solid volume increase.  
 
  
Figure 1  (a) Schematic illustration showing the progress 
of serpentinization and Si-metasomatic reactions at the 
crust–mantle boundary. 
 Chapter 3. Effect of Si-Al-Ca transport during serpentinization 
 
In Chapter 3, to understand the effect of Si-Al-Ca transport during serpentinization, 
hydrothermal experiments were conducted in the olivine–plagioclase–H2O system at 
230 °C and under a vapor-saturated pressure. Metasomatism took place during the 
experiments so that the mineral assemblages changed systematically with distance from the 
olivine–plagioclase boundary, with Al-rich serpentine + Ca-saponite in the metasomatic 
zone changing to serpentine, serpentine + magnetite and serpentine + brucite + magnetite. 
This change of mineral assemblage is largely explained by decrease in activity of SiO2(aq). 
The chemistries of solutions in the Pl–H2O and Ol–Pl–H2O experiments indicate that the 
Al and Si that were leached from plagioclase were consumed by olivine hydration within 
the reaction tube. The high concentration of Ca in the Ol–Pl–H2O solution suggests that the 
Ca released from Pl was partly consumed in the formation of Ca-saponite in the olivine-
hosted metasomatic zone. In the metasomatic zone, the Al-serpentine showed a clear 
zoning with an Al-rich 
domain I, an Al-poor domain 
II, and an Al-rich domain III. 
Microtextural and chemical 
features indicate that this 
zoning was produced by the 
initial formation of domain II 
in an Al-free solution, and the 
subsequent pseudomorphic 
replacement of olivine 
(domain I) and the 
development of overgrowths 
(domain III) as the Al 
metasomatic front migrated.  
 
  
Figure 2 Schematic image of (a) Al front migration and (b) reaction mechanism in the Ol–
Pl–H2O experiments from t = t0 (before reaction), t1 (after reaction and before arrival of Al 
front to a reaction site), and to t2 (after arrival of Al front to a reaction site). (a) As the Al 
front migrates from t = t0 to t2, the Al concentration in the fluid at a reaction site increases. 
(b) Reaction mechanism for Al-serpentine formation from t = t0 (left-side diagram), t = t1 
(diagram at center), and to t = t2 (right-side diagram). Narrow and bold black arrows 
indicate the transport of elements and the growth direction, respectively. 
 Chapter 4. Kinetic analyses of silica metasomatism and serpentinization 
 In Chapter 4, rate of silica metasomatism and serpentinization were estimated by 
reaction-diffusion modeling which involves silica diffusion and seven serpentinization 
reactions. Due to the difficulty of the analysis of rate constants from complex reactive-
transport process, we proposed an optimization and model selection method using 
exchange Monte Carlo and cross-validation method. The benchmark test of the exchange 
Monte Carlo method could estimate the true values within an error of ±2σ. By using this 
exchange Monte Carlo method, the eight unknown parameters (the diffusivity of SiO2(aq) 
and rate constants for seven reaction) were optimized, and the observed mineral 
distribution in the Ol-Qtz-H2O experiments was reproduced by numerical reactive 
transport model. These studies suggest that the spatial pattern of Si-metasomatic reaction 
was controlled by both cation diffusion and surface reactions, and that the rate-limiting 
processes during Si-metasomatic reaction would be changed in time and space from 
surface-controlled reaction to transport-controlled reaction.  
 
Figure 3. The schematic illustration of the concept of the replica Monte Carlo method used in 
chapter 4. 
 Chapter 5. Reactive-transport processes during serpentinization in the 
oceanic lithosphere 
 
 In Chapter 5, the reactive-transport process during serpentinization were 
discussed. The similarities between Al zoning in natural mesh textures and the Al zoning in 
our experimental products suggest that Al-zoning in the mesh texture represent the 
transition from closed to open system during serpentinization. At the crust-mantle 
boundary, the dehydration could occur by metasomatic reaction with Qtz-buffered fluid, in 
contrast, it would not occur by metasomatic reaction with Pl-buffered fluid. This suggests 
that the fluid pressure was increased by metasomatism only when fluids were Qtz-buffered. 
The metasomatic zoning as a result of reactive-transport process has been modeled by 
diffusional mass transport processes coupled with multiple precipitation–dissolution 
reactions. However, our experimental and kinetic analysis showed that the dynamic 
changes in rate law from transport- to surface controlled reaction, and vice versa, would be 
responsible for the spatial-temporal evolution of the metasomatic zone at the crust-mantle 
boundary in the oceanic lithosphere. These dynamic serpentinization processes may 
provide primary controls on the hydrothermal alteration in the oceanic lithosphere. 
 
 
